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In the early part of 1945 a shoart wind—tumnel investigation was made
to explore the possibllity of employing boundary—layer suctlon slots as
meang for delsying laminer separatlon at the lesding edge and turbulent
gseperation over the rear portions of an alrfoll section at high l1ift
coefficients. The airfoll employed 1n the lnvestigation was a plain
NACA 653—'018 section. The investigation was made at a Reynolds number

of 1.0 X 106. Through control of turbulent separatlon, the maxImm 1I1f{
coefficient was Increased from 1.06 to gbout l.6. By controlling both
leminar and turbulent separation, the maximm 1ift coefficlent was
Incressed to 2.02. Further increases Iln maximm 1ift were not possible
because the lamlnar separatlon point moved shead of the narrow leading—
edge suction slot. If large Increments in meximm 1ift are to be obtalned
through control of ieading-edge separation, a relasbively wide slot 1s
required. The proper locetion of the slot depends to sams extend upon
the Reynolds number. The amount of suctlon power required to obtaln the
increases in maximm 1ift was relatively high. For example, in order to
obtein s maximm 1ift coefficient of 1.9, a flow coefficient of 0.03L4 wes
required end the corresponding drag coefficlent equivalent of the suction
power was 0.33. The pogsible effects upon the lif'l:- results of increasing
the Reynolds number are briefly dlscussed.

INTRODUCTION

An exploretory imvestlgation of the use of suction slots as a means
of delaying sepaeration of the boundary layer om the NACA 653—018 airfoll

section has been made. The filrst phase of the Investigation, reported
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in reference 1, conslsted of tests of the aelrfoll section with suction
glots located so as to delay separation of the turbulent boundary layer
gt the rear of the airfoil. The results of the investigation indicated
that although the suctlon slots were effective in dslaylng separation
of the turbulent boundary layer, separation of the laminar layer in the
Irmediate vicinity of the leading edge ultimately limited the mexinmm
obtainable 1lift coefficient.

The purpose of the latter phase of the investigation, reported
herein, was to explore the possidllifty of using boundary—lsyer control
for delsyling separation of the laminsr boundary layer nesr the leadling
edge. Lift, drag, and internal pressure—loss measurements at various
flow coefficients were made for the NACA 653—018 alrfoll spection with a

suction slot near the leading edge in additian to two suction slots
farther back. The investlgation was made at a Reynolds number

of 1.0 X 106. The data obtained at this value of the Reynoclds number
do not glve a quantitatlve representation of the effectlveness of
leading-edge boundary—layer control in lmproving the maxlimm 11ft at
flight velues of the Reynolds number. The results do, however, indicate
gome of the lmportent design parameters which must be considered in the
application of a suctlion slot for the control of lamlnar separation.

The tests descrlibed in the present paper were made I1n the early
part of 1945.

SYMBOIS AND COEFFICIENTS

b span over which boundary—layer control ls applied, feet

c airfoll chord, feet

d section drag, pounds per unit span

1 . section 1lift, pounds per unit span

Q volume rate of air flow through suction slot, cublc feet
per second

H, free—gtream total pressure, pounds per square foot

H.b total pressure 1n wing duct, pounds per square foot

v free—stream veloclby, feet per second
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Cs

Ca__b

mase density, slugs per cublc foot

i‘ree—stream dynemic pressure, pounds per square foot
(5 o)

gection angle of attack, degrees

combined duct and blower efficlency

efficiency of Inaix_l .propulsive unit

coefficlient of vlscosity, pound—seconds per square foot

sectlon profile—drag coefflcient (Ed'—c)

(@]

+ C

blower drag coefficlent (c c )
< %15 F15

c, +C, C
1P1 Ql{-’jPll-'j

section total—drag c&efficient c. + :IR c
| 3 "\t ) 8

sectlon 11t coefflclent ('q__l'é-)
(o}

maeximm sectlon 11t coeffliclent

_9
flow coefficient (‘Tocb)

+C

total flow coefficlent (C + C
o Q s

1 s

B, = %,
pressure—ll_.qss coefflcient T

PV oC
Reynolds number m
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Subscripts:

1 at 1 percent of airfoll chord
45 at 45 percent of alrfoll chord
5 at 75 percent of alrfoll chard

MODEL AND TESTS

The tests were made 1n the Langley two—dlmensicnal low—turbulence
tunnel. The teet sectiorn of this tunnel i1s '7‘124 feet by 3 feet wlth the

model, when mounted, completely spermming the 3—focot dimenslan. The
gaps between the ends of the model and the tummel walls were sealed to
prevent air leskage. Lift measurements were obtalned by teking the
difference between the 1n'begra'bed. pressure reactions upon the ceiling
and. floor of the tumnel., Drag messuremente were made by the wake—survey
method. A more complete descripition of the tunnel and the methods of
obtelning and correcting the data ls contalned in reference 2.

Model.— The 3-foot—chord woocden model of the NACA 653—018 airfoll

section wag the same as that employed in the lnvestlgetion reported in
reference 1., Ordinates of the airfoll are given in table I. In the
present investigation, the slots at the 45—percent—chord and T5—percent—
chord statlons were used 1n combination with a slot at the leading edge.
Detalls of the model end slots ere shown in figure 1. The air from each
slot was ducted to a venturi meter for measuring the amoumt of air
removed by the blower. The defect in total pressure of the boundery—
layer sir removed was measured by sbtabtlc—pressure crifices in each duct.
The uge of static—pressure orifices was Justified since only low velocl—
tles exlsted within the ducts.

Testa.— The 1ift, drag, and internal-pressure—loss data for the

slrfoll with the various slot camblnations were obtained to determine .
the effectiveness of boundsry—layer conbrol in delsying separation. The
flow coefficient for the leading-edge slot, 0.0lc location, was held at
approximately 0.009 and the flow coefficien'ts for the rear slots, O.U5c
and 0.75c locations, were varied fram 0,003 to 0,016 per 8lot. The
section 1ift characteristlcs of the pla.in alrfoil were obtained with the
slots sealed and fairéd. The tests were made at a Reynolde number '

of 1,0 X lO6 because llmitations of the avallable blower equipment made

i1t possible to malntain the desired leading-edge-slot flow coefficient
only at a relatively low tunmel airspeed.
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A test was made at a Reynolds mumber of 1.9 X 106 with sealed slots
and also with a rough leading edge for .comperison with data of refer—
ence 1 to determine any effects of roughness due to the leading-edge—slotb
fairing on the section 1ift characteristics.

RESULTS AND DISCUSSICN

Lift

Effect of leading-edge seal.— Befare the effectlveness of the
boundary—lsayer control in improving the. maximm 1ift at a Reynolds

number of 1.0 X 106 can be properly evaluated, it is flrst necessary to
Imow whether the meximm 1ift of the plealn alrfoil as determined from
tests of the model with slots sealed was affected by any unfairness thatb
might have been present 1n the seal of the leadlng-edge slot. Data
relative to this point are contained in figure 2. The results obtalned
in the present tests at a Reynolds number of 1.9 X 106 wlth all three
slote sealed are seen to agree closely with those taken from reference 1
for the airfoll with no slot in the leading edge and the rear slots
sealed (fig. 2(a)). Hence, In this case, the seal in the leading-edge
glot seemed to approximete wlth sufficlent accuracy the true alrfoil
contour. With the two rear slote operating at a flow coefficlent

of 0.011, however, the date from reference 1 in comparison with those
obtained in the present invesblgation Indicate that the seal 1ln the
front slot was sufficlently unfalr or rough as to cause a decrement in
meximm 1ift of 0.1 (fig. 2(b)). The differences in maximm sectlon
1ift coefficlent due to the effect of the seal far the suctlon and no—
suction cases may possibly be aktribubed to the fact that with suction
applied at the O.45¢c and 0.75c stations, meximm 1ift 1s Ilimited by
separation near the leading edge, in which case the effect of small
surface irregularitles in this reglon may be more pronounced. The decre—
ment of 0.1 1s not nearly so large as that caused by leading—edge rough—
ness, as can be seen readlly from the comparative data glven In fig—
ure 2(b) for the rough~surface condition. Whether or not the decrement
in meximum 11ft due to the seal in the fromt slot (fig. 2(b)) would also

be obtained at a Reynolds number of 1.0 X 10~ is not entirely clear.
In comparing the resulis obtalned In the present Ilnvestigation (made

at a Reynolds number of 1.0 X 106) for the alrfoil with all three slois
operating end for the alrfoll with the front slot sealed and the two
rear slots operating, however, it should be recognized that the lncre—
ment in meximm 1ift attributeble to the leading—edge slot may be some—
what high.
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Relative effectiveness of the leading-edge slot.— The data for the

airfoll with all slots sealed and for the alrfoll with the leading-edge
slot.sealed and the two rear slote operating at a total flow coefl—
flcient of 0.025 are shown In figure 3(a). For camparison, data for
flow coefficlembs of 0.026 and 0.034 with all three slots operating are
also shown in figure 3(a). In figure 3(b) are shown the results for the
model with a consbant flow coefficlent of approximately 0.00G in the
front slot and variaqus eamounts of flow in the rear two slota. The data
pertaining to the relatlve effectiveness of each of the rear slots when
employed with the leading-edge slot are shown in figure 3(c). For any
glven configuratlion, the total flow removed was nearly Indepemndent of
angle of abttack. The relative amoumt of flow removed from each slot,
however, varied to soms extent with angle of attack. Detalled data
from which the exact flow coefflclent for each slot can be obtalned far
any angle of attack are glven in figures L4 to 6.

The data of flgure 3 indicate that a maxlmm 1ift coefficient
of 1.90 was obtained for a total flow coefficlent of 0.034 with all
three slobs operating; whereas a maximum 1ift coefficlent of 1.06 was
obtained for the airfoil without suctlion. The relatlive lmportance of
the leading—edge slot in obtaining this increment in mexlimm 1ift can
be Judged from the 1ift curve obtalned for a total flow coefficlient
of 0.025 with anly the rear two slots operating. The data obtalned
for this configuration, shown in figure 3(a), indicate that the primary
effect of suction 1n the rear slots alone was to straighten the 1ift
curve without increaging the angle of atbtack for maximm 11ft. For the
flow coefficient of 0.025 in the rear slots alone, the rounded 1ift
curve obtalned in the no—suction cese is geen to be completely linearlzed
with an abrupt loss in 1lift occurring at the stall. Thie type of stall
is indicative of laminar separation nesr the leading edge. Tuft studies
aelso indicated that separation at the leading edge limited the 1lift.
Conpequently, the use of a total flow coefficlent greater than 0.025
in the rear slots alone would not be expected to result in any sub—
stantial increases in maximm 1lift above the value of 1.6 cbtained in
this case. It 1s, of course, possible that if boundary—leyer control
at the leadlng edge delsys laminar separation so that the maximum 11f%
coefficient is increassed by an extenslon of the 1ift curve to higher
angles of attack, more suctiom will be required in the rear slots to
prevent any turbulent separation which might result from the increased
pressure recovery over the alrfoil. The data of figure 3 Ilndicate that
some such effect as thils occurred on the NACA 653—018 airfoil. With a.

flow coefficient of &bout 0.009 in the leadlng edge 1n additlon to the
flow coefficient of 0.025 in the rear slots (GQT = 0.03u), the 1ift

curve was extended wlth a correspondlng ircresse in meximm 1ift

from 1.6 to 1.9 (figs. 3(a) and 3(b)). The 1lift curve corresponding
to this total flow coefflclent 1s meen, however, to be slightly rounded
near meximum lift. Increasing the flow coeffilclent in the rear slots
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to 0.032 (CQT = 0.0ll-l) while mainteining a flow coefflclent of appraxi-—

mately 0.009 in the leading—edge slot straightened the 1ift curve and
increased the meximm 1ift coefficlent fram 1.9 to 2.02 (fig. 3(b)).
From this discussion, 1t ls apparent that although some of the increment
in maximm 1ift coefficlent from 1.6 to 2.02 resulted from an Increase
in flow removal in the reer slots after the frombt elot was put in
operation, no portion of the increment (0.42) in maximum 1ift would have
been obtained without the leadlng-edge slot. It should be remembered
that the increment in maximm 1ift attributable to the leading—edge slob
mey be as much as 0.1 aemdller then the value of 0.42 shown by the data
because of the possible effect of the leadingedge seal on the maximum
1ift of the airfoll wlth only the rear two slokbs operating.

For a total flow coefficient of 0.04l, tuft studlies indicated that
the gbtall occurred when laminsr separation developed shead of the rela—
tively small leadlng—edge slot. Consequently, for the perticuler
suctlion-slot configuration employed, the 1ift curve probably could not
have been extended to any hilgher angle of attack by the use of tobtal
flow coefficients greater than 0.0kl. In order to delay laminar sepa—
ration through a range of angle of attack sufficient to permlt larger
geins in maximum 1ift, the suctlon slot should be sufficiently wide so
as to encompass the movement of the leminar seperation point with angle
of attack. Thils 1s in asgreement with the results discussed In reference 3
which show that a wlde slot at the leadlng edge is mare effective in
increasing the maximum 1ift than a small one.

Relative effectliveness of the two rear slots.— The data of fig—
ures 3(b) and 3(c) indicate that for & given total flow rate either
the 0.45c¢c or 0.75¢ slot operated in cambination with the leading-edge
slot was as effective 1n lncreassing 11ft as was the combination of both
rear slots with the leading-edge slot. In fact, the use of the slot
at 0.45¢c in combination with the leading-edge slot at a total flow coef—
ficient of 0.020 resulted in a maximm section lift coefficlent that was
s8lightly higher than that obtained by using all three slote at a total
flow coefficient of 0,026.

Effect of Reynolds mmber.— A camperison of the maxlmm 11ft data

cbtained in the investigatlon of reference 1 wilth those obtained in the
present Investigabion (fig. T) indicates that increasing the Reynolds

number from 1.0 X 10° to 6.0 X 10° has a relatively large favorable
effect on the maximum 1ift coefficlent. This comparison would seem to
indicate that had the investlgatlon of the three suction slots heen made
et a higher Reynoclds number, maximum 1l1ft coefflclents samewhat higher
than 2.02 might possibly have been obtalned. It is very doubtful,
however, that amy Increases in the maximum 1ift of the alrfoll with the

two rear slots at Reyholds nmwumber of 1.9 X 106 and 6.0 X 106 would be
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obtalned by using the leading—edge slot employed in this investigation.
An examination of the data of figures 2(b) and 3(a) indicates that, with
the two resr slots operabing, the increase 1n maximmm 11ft which accom—

panles an increase in Reynolds number from 1.0 X 106 %o 1.9 X 106 resulte
fram an extension of the 1ift curve to higher angles of attack. Conse—

guently, at a Reynolds number of 1.9 X 10-6, the laminar separstion polnt
is probably shead of the location of the nerrow slot when the stall
occurs. If such ls the case, applyling suctlon through the leading-edge
slot would not be expected to improve the maximm 1ift. The proper
location.of a suction slot designed to delay leading-edge separation
would' seem tc depend Lo mome exbent upon the Reynolds number. As previ—
ously polnted out, the use of a relatively wide slot 1s desirable.

Drag

The amount of suctlion power required to produce a certain aero—
dynamic improvement i1s a primary conslderation in any application of
boundary—leyer control. In order to show the suctlon—power require—
ments associabted wlth the methods of boundary—layer control congldered
in the present investigation, the ]Bnressure—loss and quantity flow date
obtained are presented in flgures and 9 1n the farm of the drag coef—
ficlent equivalent of the suction power. Also included in filgures B
and 9 are data glving the total-drag coefficient. The total-drag coef—
ficient was taken as the sum of the external—drag coefficient and the
drag coefficient equivalent of the suction power. This method of
obtaining the total—drag coefficient 1s shown in reference U4 to be valild
1f the efficiency of the boundary—layer control system is equel to the
efficiency of the main propulsive unlt of en aircraft. The external—
drag values cobtalned for the various boundasry-—layer control configu—
ratlions are shown In figure 10.

An examination of the data of figures 8 to 10 indicates that
although very low extermal—drag coefficlents are obtained with the use
of boundsry-layer control, the values of the drag coefflclents equivalent
of the suction power are extremsly high. In scme cases, the blower drag
coefficient is seen to be as much as 160 times the extermal—drag coef—
ficlent for the same conflguration. For the same total flow rate, the
use of the three slots more then doubled the blower drag coefficient
obtained with the use of only the two rear slots (fig. 9(a)). Same
reduction in the blower drag, however, msy possibly be obtalned by the
use of slots of different shapes than those employed.

For slots of equal elze and shape, the data of figure 9('b) Iin
comparison with those of figure 8 show that a glven quantity of flow )
can be removed through two slots wlth less power then through one slot.
The necessarlly higher inlet-welocilty ratlo assoclated with the use of
a slngle slot, of course, explalns this result.
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An indication of the meaning of the high blower drag coefficients
In terms of the power required in an actusl alrplane cen easlly be
obtained. A tobal flow coefficlent of 0.03h4 is seen to give a maximm
1ift coefficient of 1.9 (fig. 8). If an alrplane having a wing loading
of 50 pounds per square foot 1s assumed, a landing speed of sbout 107 miles
per hour at sea level is obtalned for a 1ift coefficlent of 0.9 of the
maximm 1ift coefficlent of 1.9. The corresponding power required for
the boundary—layer—control equipment is foumd to be 2.2 horgepower per
square foot (ch = 0.33). This meens that for an airplane the size of

a twin-engine transport which might perhaps have a wing area of 800 square
feet, a 1760-horsepower englne would be required for the boundary—layer
suction equipment. In view of the relatively large lncrements in maximm
1ift which can be obtained on an alrfoll of 18-percent thickness with a
well-degsigned flap alone or in combination with & midchord suction slot
requiring a smell expendibture of power, it is dlfficult to sse why the
particular configurations discussed in the present paper would be
employed on an alrcraft unless, as in the case of the all—wing alrplane,
the large pltching moments associated with a powerful flap could not be
tolerated. It must be remembered thet the calculations of the power
requirements for the assumed alrplans were based on data obtained at a

Reynolds mmber of 1.0 X 108, The data of figure 7 show that, as the
Reynolds mumber is increased, the maximm 1ift also increases for a glven
flow rate. Consequently, the suction power requlred at minlmuim speed for
an airplane of glven wing loading wlll decrease tc some extent with
increaslng Reynolds number.

It might also be pointed out that the maximum 1ift coefficlents of
glrfolils of the order of 6 to 10 percemt in thickness are definitely
limited to relatively low values by leading—edge separation. For such
alrfoils, the use of both leading—edge and trailing—edge high—1ift devices
oftentimes does not yileld sufficlently high maximm 11ft coefficiemts.

In these cases, 1t is possible that a properly deslgned application of
boundary—layer control at the leading edge may prove of considerable
value in spite of the large expenditure of power necessary for any
leading-edge applicaticn of boundery—layer control.

CONCLUDING REMARKS

By the use of suction slobs located at the l-percent—chord,
k5—percent—chord, and T5—percent—chord stations, the maximum 1ift coef—
ficient of a plain NACA 653—018 airfoll was increased from 1.06 to 2.02

6

with a total flow coefficient of 0.041 at a Reynolds number of 1.0 X 1l0~.
With the use of only the 45—percent—chord and TS5—percemt—chord slot
locations to conbtrol separstion of the turbulent boumdary layer, the
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maximum 1ift coefficlent was limited to & value of the order of 1l.6.
When the slot at l—percent chord waes employed 1n conJunction with the
other two slots, separation of the laminer lsyer near the leadling edge
was delayed and with additional suction in the rear slote the maximum
1ift coefficlent was Increased from 1.6 to 2.02. Further increases iIn
the maximum 1ift coefficlent could not be obtalned beceuse the laminar
seperation point moved ahead of the relatively narrow leading-edge slot.
If large increments in maximum 1ift ere to be obtained through conitrol
of leading-edge seperation, a relatively wide slot 1s required. The
proper location of the slot depends to some extent on the Reymolds
number. Although the extermal—drag coefficlents of the alrfoil with
boundary—layer control were small, the total—drag coefficliemnis were very
large due to the addition of the suctlon—power drag coefficlents. For
example, the drag coefficlent equivalent of the suction power requlred
to obtaln s maximum 11ft coeffilcient of 1.9 was 0.33.

Langley Aeronautlcal Laboratory
Natlonal Advisory Camlttee for Aeronautics
Langley Alr Force Base, Va.
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TABIE I

CRDINATES FOR THE NACA 653—018 ATRFOIL SECTION

]:Sta'bions egnd. ordinates in
percent alrfoil chord]

Upper surface Lower surface
Station Ordinate Station Ordinsate
0 0 0 0
.50 1.337 .50 ~1.337
.75 1.608 .5 —1.608
1.25 2.014 1.25 —£.014
2.5 2,751 2.5 —-2.751
5.0 3.866 5.0 —3.866
Te5 4,733 Te5 —%.733
10 5.457 10 —5.457
15 6.606 15 —6.606
20 7476 20 —~T.k76
25 8.129 25 -8.129
30 - 8.595 30 -8.595
35 8.886 35 .
10 8.999 Lo —8.999
45 8.901 45 -8.901
50 8.568 50 ~-8.568
55 8.008 55 -8.008
60 T.267 60 —T.267
65 6.395 65 ~6.395
70 5.426 70 —5.426
gg k.396 15 ~4.396
3.338 8o —3.338
85 2.295 85 —2.,295
90 1.319 90 —1.319
95 490 95 — 490
100 o} 100 0
L.E. radius: 1.96




Figure 1.~ Profile of the NACA 653—018 airfoil mectlon with boundery—layer control slots.
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